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ABSTRACT

I This program has emphasized investigations of graded bandgap solar cells.

The key objective was to determine the feasibility of obtaining high

efficiencies with a graded emitter heterojunction structure. The graded

bandgap cell is designed to produce a large photocurrent at relatively a

3 large voltage. The device involves only one N-type to P-type transition,

and is therefore only a two terminal cell. The graded emitter region

m provides an effective field which enhances the collection of electrons and

holes. The AlxGa1_xAs ternary system was selected for actual device

fabrication and characterization. Two types of graded emitter structures

were fabricated, one with a continuously graded emitter, and another with

the emitter composed of discreet regions with appropriate bandgaps.

Interpretation of photoresponse data for graded devices indicates that the

minority carrier diffusion length was essentially zero for x > .25. This

property of the AlGaAs films made it impossible to obtain the expected

photocurrent from the graded devices. However, studies were carried out

m which clearly indicated that the structures with graded emitters were

characterized by an enhanced photoresponse relative to homojunction devices.

These studies suggest that once high quality AlGaAs films can be grown,

efficient graded solar cells could be fabricated. A significant effort was

also devoted to the development of high efficiency GaAs solar cells. This

effort resulted in the fabrication of heterofaced GaAs solar cells which

exhibited AM1 efficiencies of 21.5%.
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I
* 1. INTRODUCTION

I One of the approaches being pursued for fabricating high efficiency

solar cells involves the use of two or more cells having different bandgaps.

By utilizing more than one bandgap, a photovoltaic system can be coupled to
the solar spectrum in a more optimum manner than that achieved with a single

3 homojunction cell. The most common approach to constructing a multiple cell

system involves arranging devices in tandem, in order of the bandgaps, and

with the largest bandgap cell receiving the incident photons.

Tandem cell systems can be constructed in two ways: by growing a
monolithic stack, or by arranging the devices in a mechanical stack. With

either approach, system efficiencies of 30% are considered reasonable goals.

m In order to obtain efficiencies of 50%, a stack of three to five cells will
be required. Even if film growth technology is developed that allows the

formation of a five-cell stack, it will be difficult to form the
interconnecting regions without creating regions of high electron-hole

recombination, or regions of high photon absorption.

An alternative cell structure which has a large limiting efficiency is

that of a graded bandgap solar cell. The graded bandgap cell is designed to
produce a large photocurrent at a relatively large voltage. The device

involves only one N-type to P-type transition, and is therefore only a two-

terminal cell. Graded bandgap solar cells are also of interest for3 radiation hardened devices. The graded bandgap region provides an effective

field which enhances the collection of electrons and holes, even after
3 carrier lifetimes are reduced as a result of radiation damage.

1.1 Graded Bandqap Cell Concept

The basic approach of interest in this program is depicted in Figure 1.

The front surface is P-type and has a large bandgap, cgmax The bandgap in

the emitter region is gradually reduced to Egmin at which point a junctionI
I -1-
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is formed with a large bandgap N-type region. Clearly, the order of the P-

type and N-type materials can be reversed. Ideally, the variation in Eg

versus x is chosen so that J sc can approach the maximum value possible for

Egmin* In a graded structure, the front surface recombination velocity can

be minimized and efficient collection of carriers from regions with a low

m minority carrier diffusion length can still be achieved.

A plot of the maximum value for short circuit current versus bandgap

under AMO conditions and no concentration is plotted in Figure 2. Thus, if

one could utilize Egmi2 - 1.0 eV, the maximum value of the Jsc isUl
approximately 58 mA/cm'.

If we assume that the bandgap of these two end faces is 2.5 eV, then

one can estimate that the limiting value for the reverse saturation current

(J0) would be on the order of 10"35 A/cm 2. Assuming Jsc 50 mA/cm 2, the AMI

efficiency is calculated to be significantly larger than 50%. J0-values on
the order of 10 35 A/cm 2 are very unlikely to be achieved. However, Jo"

values less than 10-19 A/cm 2 have been achieved for GaAs devices. If one

assumes Jo M 10 "19 A/cm 2, efficiencies on the order of 50% are possible for

3 graded bandgap cells. As a result, the graded bandgap cell is worthy of

investigation.

1.2 Research Objectives

I The overall objective of this program was to investigate the

feasibility of achieving high efficiencies with graded bandgap solar cell

structures. Specific objectives included: (1) fabricate graded bandgap

cells based on the Al xGai-xAs ternary compound system; (2) measure electro-

3 optical properties of the devices and interpret results in terms of

appropriate models; and (3) develop approaches to modeling calculations for

m graded bandgap cells.

m
m
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1.3 Technical Approach

Figure 3 summarizes some of the key elements of the technical approach

taken in this program. Graded bandgap solar cell structures were

investigated by fabricating and characterizing devices based on the

Al xGa1_xAs materials system. As x is varied from x = 0 (GaAs) to x = 1.0

(AlAs), the bandgap changes from 1.42 eV to 2.18 eV, respectively.

Throughout this composition range, the change in lattice constant is less

than 1%. As a result, graded regions can be grown without the generation of
misfit dislocations.

The AlxGa1ixAs compounds are characterized by a direct bandgap for x-

values between x = 0 (Eg - 1.42 eV) and x - 0.45 (Eg = 1.96 eV). Thus,

these materials are efficient optical absorbers as required for a graded

solar cell. Another benefit of using the Al xGa1_xAs materials system for

these studies is that the materials technology is relatively advanced.

Multi-layered structures based on the AlGaAs system can be grown by metal

organic chemical vapor deposition (MOCVD). Growth of AlGaAs by MOCVD can be
purchased as a service by several industrial companies.

Solar cell studies involved an equal emphasis on studies of GaAs solar

3 cells and graded structures. The work on GaAs cells allowed us to develop

processing procedures used for high efficiency devices. The success

3 experienced with GaAs cells indicated that procedures being used for the

graded bandgap devices were adequate.

I Device characterization involved photoresponse and current-voltage

analyses. The photoresponse studies lead to determination of minority

3 carrier diffusion lengths and surface recombination velocities. Current-

voltage studies resulted in the identification of current loss mechanisms.

m Efforts to determine loss mechanisms from current voltage studies and

minority carrier properties from photoresponse analyses were assisted by

m modeling calculations. Finally, results of device characterization and

modeling calculations were used to improve device designs, procedures for

m MOCVD growth of films and device processing.

i -5-
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m

In the remaining sections, key results obtained from graded AlGaAs

m cells and GaAs solar cells are discussed.

I
I
I

I
I
I
I
I

I
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2. GRADED BANDGAP CELL STUDIES

Two types of graded cell structures were investigated. Epi-wafers with

appropriate layered structures were purchased from Spire Corporation and

Epitronics. One approach was based on the use of a multilayered

configuration to approximate the graded cell described by Figure 1, while

the other approach involved the use of a continuously graded P-emitter as

described in the figure. The results of theoretical and experimental

studies are discussed in the following sections.

2.1 Graded Bandqap Cell Based on Discreet LayersI
At the beginning of this program, industrial service groups could not

provide graded structures based on continuously graded bandgap regions.

MOCVD reactors available for service work were set up to adjust dopant

concentrations and the Al/Ga ratio in discreet steps, rather than in a

continuous manner. As a result, the first devices investigated in this
program were based on a configuration described by Figure 4. This cell

structure is described as a graded em:tter heterojunction. The Al

concentration, dopant concentration and other parameters of each layer are

* given in Table 1. A cap layer was also grown on these devices for

contacting purposes. The cap layer is removed after establishing the front

contacts, however. Photoresponse and current-voltage analyses are discussed

in the following sections.

I 2.1.1 Photoresponse Studies

I Internal photoresponse for a graded emitter cell is shown in Figure 11.

The results were rather surprising, but consistent with conclusions

concerning the GaAs homojunctions. These data can be understood by assuming

the diffusion length is essentially zero in the AlGaAs layers with x > .15.

I A theoretical model has been developed for the photoresponse of the

graded emitter cell. The theory was used to fit the data shown in Figure 11

(solid line). The key assumption made in the theoretical treatment of the

-8-
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Table 1I PARAMETERS FOR GRADED EMITTER HETEROJUNCTION

DOPANTILAYER LAYER x-VALUE C0NCENTgATION
LAYER NO. DESCRIPTION THICKNESS IN AMGa..xAs BANDGAP (crn 3)

N+-GaAs Substrate 15 mils 0 1.42 > 1018

U1 N-AlGaAs 0.1 Urn .85 2.11 1018

I2 P-GaAs 1.1 Urn 0 1.42 1018

33 P-AlgaAs 0.9 Urn .05 1.49 11

4 P-AlGaAs 0.8 Urn .15 1.61 1018

5 P-A1GaAs 0.7 urn .25 1.74 11

36 P-A1GaAs 0.4 urn .45 1.97 1018

7 P-AlGaAs 0.2 urn .65 2.04 i018

8 P-A1GaAs 0.1 Urn .85 2.11 1018

I -10-
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Table 2
PARAMETERS DETERMINED FROM PHOTORESPONSE FOR GRADED EMITTER CELL

i X-VALUE IN
LAYER NUMBER P-AxGal _xAs (urn)

1 2 0 0.85

3 3 .05 0.60

4 .15 0.27

I 5 .25 0

6 .45 0

7 .65 0

3 8 .85 0

I
I

Fiur. CurntVltg Chrceitc -o-- Grade Emite

-- ------:--I
,..7.--

- l. i. 1._1

I .*:." - - -2-,E

I Figure 6. Current-Voltage Characteristics of Graded Emitter

Heterojunctions.

I
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problem is that if an electron moves from one layer to another going from

left to right, it will be collected by the junction. The basis for this

assumption is that electrons moving from left to right, an from one region

3 to another will attain a velocity of - 107 cm/sec and should be able to

escape to the right hand side of the junction.I
The fit of the data for photoresponse was achieved by assuming

diffusion length values as listed in Table 2. It is clear that MOCVD films

of Al xGa1-xAs become more defective as x increases. It is suspected that
the oxygen and carbon impurity concentrations increase with x.

2.1.2 Current-Voltage Analyses

Current-voltage analyses have also conducted for the graded emitter

3 structures. Figure 12 shows typical results for these cells. The dominant

current-loss in these cells can be understood in terms of multiple step
tunneling. This result is consistent with the suspected high impurity

concentration in the AlxGax As films with x - .85. Multiple-step tunneling
can occur via the defects in the depletion region arising from the N-type

m AlGaAs layer.

These cells exhibit efficiencies on the order of 4%, mainly because the
value of Jsc is reduced. Improvements in cell performance should result

3 with higher quality AlGaAs layers.

g 2.2 Continuously Graded Structures

Figure 7 describes a graded emitter P-on-N structure. Both N-on-P and

P-on-N structures were modeled as part of these studies. Graded N-on-P

devices were actually fabricated and characterized. In the following

3 sections, the modeling and experimental studies are discussed in detail.

m

m -13-
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I
2.2.1 Modeling Calculations

Both N-on-P and P-on-N graded emitter structures have been modeled to

3 provide guidance in cell design. The key features one must take into

account in these studies are the absorption coefficient (-) versus bandgap,

3 and the minority carrier properties of the N- and P-type materials. Our

calculations all include the dependence of w on AlGaAs composition and, of

course, wavelength. Although little information is available concerning the
L for N-type AlGaAs, it seems clear that one can assume Lp is significantly

less than Ln in P-type AlGaAs of the same composition.

In modeling the cell described by Figure 7, we obtain the upper limit

3 to performance by assuming that the effective field in the emitter allows

all electron-hole pairs created in the emitter to be collected. It is

3 assumed that the P-type emitter has reasonable minority carrier properties.

Thus, we can utilize a fairly wide emitter. Consider a case for which EgI =
2.0 eV (Al xGa ixAs with x = 0.45) with Eg2 = 1.42 (GaAs). We assume Ln = I

pm at the high bandgap end, and increases to Ln = 5 pm at the GaAs boundary.

In order to determine the emitter thickness, it is desirable to evaluate the

m effect of the field E = Eg/XE*

3 Consider the distance traveled by an electron over a period of time

equal to minority carrier lifetime, rn' The velocity due to the field is

m v = pnE

I The distance traveled is given by

m (Distance) = yin

I = nE (L2/Dn)

3 A InE (L 2/UnkT/q)

- EL2/kT, kT in eV.

i -15-
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We can also write

(Distance) - Eg/XE (L2/kT)

with E and kT in eV. For Ln = I pm, Eg 2.0 - 1.42 = .58 eV,
m 11 pm, xE = 2 pm

(Distance) 
=

3 7.5 pm, XE 3 pm

Thus, a graded cell based on a 3 pm graded, P-type emitter should exhibit
very good photoresponse.

A graded N-on-P structure presents a different situation. The value of
Lp may only be 0.1 pm at the high bandgap front face of the cell. Similar
considerations as above lead to the conclusion that the emitter for a N-on-P
cell should be approximately 0.6 pm thick. A graded N-on-P structure is an
attractive device if the P-type base is GaAs. If one desires the P-type3 base to have a large bandgap, say AlGaAs with Eg = 2.0 eV for voltage

enhancement, then a P-on-N structure is the preferred structure.I
Calculations of Jsc were carried out for an N-on-P structure with the

P-type base being GaAs, and for a P-on-N structure with a wide bandgap base

region. Results are tabulated in Table 3.

m Both structures are of interest. The graded emitter, N-on-P GaAs cell
may be of interest as a radiation hardened GaAs solar cell. The3 photoresponse of this structure benefits from both the emitter and base
regions. The graded, N-type emitter should be relatively unaffected by

m radiation since the electron-hole pairs are collected mainly due to the
effective field. The minority carrier diffusion length of the P-type base
will be > 5 Am. As a result, significant radiation damage must occur before

the base contribution to current will be affected. Note that this structure
has a limiting Jo-value that is the same as that for a GaAs homojunction.

-16-
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The P-on-N structure has a larger potential efficiency because the

limiting Jo " value is reduced because of the high bandgap, and the emitter

region contribution is reduced by the effective field.

It should be emphasized that in order for these cell structures to

3 exhibit their limiting performance, the contribution of depletion layer

recombination must be minimized--that is, trap densities must be minimized.

3 The results for Jo and Voc given in Table 3 represent limiting values.

l Table 3

MODELING CALCULATIONS FOR

3GRADED BANDGAP SOLAR CELLS

NP-ON-N
EgI = 2.0 eV, Eg2 = 1.42 eV, EgB = 2.0 eV

XE(Jm) 1.5 2.0 2.5 3.0

AMI(JSc)MAX 23.8 25.0 25.7 26.3

MAXIMUM AMI 24.7 25.9 26.7 27.3

EFFICIENCY (%)I __

N-ON--P

SEgi - 2.0 eV, Eg2 = 1.42 eV, EgB = 1.42 eV

LB = 5.0 um, XE= 0.5 pm, XB - 4.0 um

LB(pm) 2 2.0 5.0

AM1(Jsc)MAX(NA/cm 28.6 30.3

MAXIMUM AMI EFFICIENCY (%) 26.8 28.0

Comments: For P/N:

(1) Due to effective field, Jo = 10-22 A/cm 2 and

Voc -1.22 volts.

(2) For N/P: Jo = JOB 01019 A/cm2

Voc 0 1.04 volts.

(3) Auger recombination is not taken into account.

-17-m
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2.2.2 Graded AlGaAs Solar Cells

Cell Design and Fabrication--In order to study the effect of a graded

3 bandgap emitter, two cell structures were fabricated, an AlGaAs

homojunction, and a similar cell except that the emitter composition was

3 graded. The electron band diagrams for the two devices are depicted in

Figure 8. Other details such as dopant concentrations, layer thicknesses

and layer compositions are given in Tables 4 and 5. N-type emitters were

used so that an adequate sheet conductance could be obtained.

3 Photoresponse of AlGaAs Cells--Internal photoresponse data shown in

Figure 9 for the two types of AlGaAs cells illustrate in a rather dramatic

3 fashion the effect of a graded bandgap emitter. The quantum efficiency of

the graded emitter cell is greater than that of the homojunction cell by a

3 factor of four. Analysis of the homojunction photoresponse revealed that

the minority carrier diffusion lengths in both the N-type emitter and P-type

base are very short. Thus, a graded emitter appears necessary for a cell

based on AlxGa1_xAs with x - 0.25.

3 Computer aided analyses of the homojunction photoresponse data were

carried out. Figure 10 shows the best fit to the experimental data. The

3 parameters corresponding to the best fit are:

Surface Recombination

Velocity of the > 104 cm/sec

m Front Surface, S(F)

[ Surface Recombination >

3 Velocity of the > 104 cm/sec

L Back Surface, S(B) J

m rMinority Carrier
3 )Diffusion Length ] 0 .03 Am

for Emitter, L(F)

I
.18-I
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Tabl e 4
SPECIFICATIONS FOR GRADED AlGaAs HOMOJUNCTION SOLAR CELL

LAYER DOPANT CONSENTRATION LAYER THICKNESS
NUMBER LAYER DESCRIPTION (cm- ) (um)

3 6 N+-GaAs (Cap) 1 x 1018 0.1

5 N-Al. 9oGa.IoAs 1-2 x 1018 .05

1 4 N-Al. 2 5Ga. 75As 1-2 x 1018 0.3

3 P-Al. 2 5 Ga. 75 As 1-2 x i018  3.0

2 P-Al. 9oGa.10 AS 1-2 x 1018 0.1

1 P-GaAs 1-2 x 1018 1.0
(BUFFER LAYER)

m SUBSTRATE P+GaAs > 1018
(CLASS A SUMITOMA)1

Table 5
SPECIFICATIONS FOR GRADED AlGaAs SOLAR CELL

LAYER DOPANT CONSENTRATION LAYER THICKNESS
NUMBER LAYER DESCRIPTION (cm- ) (urm)

3 5 N+-GaAs (CAP) > I x 1018 0.1
N-Al g 0 Ga01A

4 
1-2 x 101 8  

0.5
(GRADED) NA

NA.25Ga.75AS

3 3 P-Al.2 5Ga. 7 5As 1-2 x 1018 3.0

2 P-Al.goGa.IoAS 1-2 x 1018 0.1

1 P-GaAs 1-2 x 1018 1.0
(BUFFER LAYER)

SUBSTRATE P+GaAs > 1018

(CLASS A SUMITOMA)

I
~-20-
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Minority Carrier

Diffusion Length = 0.10 ,um

for Base, L(B)

The key results are the values obtained for L(F) and L(B).

The emitter diffusion length is very close to zero. If one assumes

that L(F) and L(B) have similar values in the graded emitter cell, it is

clear that the large difference in the photoresponse values is due to

enhanced emitter collection that results from the effective built-in

* electric field.

3 The value obtained for L(B) is surprisingly low. These layered

structures were grown by Epitronics. It appears that the Al xGa IxAs layers

are very defective. Larger diffusion lengths have been measured for P-type

AlGaAs layers by researchers at Varian. However, it is generally assumed

that N-type AlGaAs layers are characterized by low diffusion lengths.

I
m
I
I
m
m
m
I

-23-I



m

3. GaAs SOLAR CELL STUDIES

Investigations of GaAs heteroface solar cells were conducted in an

m effort to develop processing techniques with cells that are also being

studied by other research groups. Fabrication procedures developed for GaAs

cells are clearly relevant to graded bandgap cells based on the Al xGa 1_xAs

materials system.

I In addition to developing fabrication procedures appropriate for AlGaAs

cells, we also attempted to understand basic mechanisms which limit the

performance of GaAs solar cells. The approach utilized involved conducting
photoresponse and temperature dependent current-voltage measurements, and

interpretation of the data in terms of theory to determine key device

parameters.

3.1 Cell Fabrication and Performance

m GaAs solar cell structures studied in this work are described by Figure

11 and Table 6. The basic layered structures were grown by MOCVD according

to our specification by industrial suppliers. Cells were then fabricated

using processing steps which included metallization, mesa formation, cap

removal, and AR layer deposition. These studies resulted in numerous cells

which exhibited AM1.5 efficiencies in the range of 21 to 22%. Illuminated

I-V characteristics measured by SERI are shown in Figure 12. These cells

are nominally 1.5 X 1.5 cm in size.

m The efficiencies achieved in this program are less than those reported

in Reference 1, namely, the 23.7% for a 0.25 cm2 by Tobin, et al. The major

m reason for the larger efficiency of the Spire cell is that they achieved a

J sc-value of 27.75 mA/cm2 . The cells fabricated in this effort were

characterized by J sc-values on the order of 24.9 mA/cm2.
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Table 6

GaAs CELL STRUCTURE

ALUMINUM DOPAT
CONCENTRATION CONCENTRATION THICKNESS

LAYER (%)(c 3  (Aim)

m P+ GaAs CAP Zn: 53E1S 0.1

P-A1GaAs WINDOW 9fr Zn: IEi8 .05

P-GaAs EMITTER - Zn: 1EI8 0.5

I N-GaAs BASE - Si: 3E]7 3.0

N-A1GaAs REFLECTOR 90% Si: 1E18 0.1

N-GaAs BUFFER - Si: lEIS 0.5

I N-GaAs SUBSTRATE Si: >IEI8

OTHER LAYERS: AR COATING - SiNx

FRONT METALLIZATION - AuI BACK METALLIZATION - P 'Sn

I
I
I
I
I
I
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During the course of this program, the efficiencies of GaAs solar cells

fabricated at the Center gradually increased from a few percent to 22%. The

increase in efficiency resulted from first characterizing current losses,

and then modifying cell design to reduce these losses. In the following

sections, reslts of photoresponse and current-voltage analyses are

m discussed.

3.2 Photocurrent Analysis

Internal photoresponse data of a typical cell exhibiting an AM1.5

efficiency in the range of 21 to 22% are shown in Figure 13. These data

have been interpreted in terms of a model described by Figure 14. We find

that the data can be fit quite well if one assumes that a layer of GaAs

adjacent to the AlGaAs heteroface is "dead" as far as minority carrier

lifetime is concerned. This layer (3A in Figure 14) is referred to as a

"dead layer." The layer absorbs photons to generate electron-hole pairs,

but none of the carriers are collected as current--i.e., the minority

carrier lifetime is zero.

3 The internal photoresponse data are fit quite well by assuming the

following:

GaAs Dead Layer - 70 A to 100A

Front Surface Recombination Velocity (SF) = 104 cm/sec

Minority carrier Diffusion Length in the Emitter (LE) - 5 m

Minority Carrier Diffusion Length in the Base (LB) - 3 pm

I Detailed studies of photon carrier losses have been carried out for the

cells. Significant gains in photocurrent will be obtained by accomplishing

3 the following:

(i) Decrease SF to 10 cm/sec (1.0 mA/cm 2)

(ii) Eliminate GaAs dead layer (0.6 mA/cm )
(iii) Decrease AlGaAs layer to 250 A (0.8 mA/cm2)

(iv) Apply a MgF 2/ZnS double layer AR coating (1.2 mA/cm2

-27-I
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These improvements would increase the active area photocurrent to 30.0

mA/cm2, compared to the maximum value of 31.6 mA/cm2. The corresponding

cell efficiency would increase above 26%.I
A key result of the photoresponse studies is that a dead layer

approximately 20 A to 100 A thick exists in the GaAs material adjacent to

the AlGaAs/GaAs interface. The approach to growth of AlGaAs on top of GaAs

typically involves a change in temperature and a delay in time. While

waiting for the temperature to rise from 7000 C to 8000 C, AsH 3 flows across

the GaAs surface. It is quite plausible to expect increased incorporation

m of oxygen and carbon impurities at this interface due to the time delay.

l 3.3 Current Loss Mechanisms

Current loss mechanisms were investigated by measuring dark I-V
characteristics versus temperature and interpreted in terms of theory. The

procedure used in these investigations is discussed in Reference 2. It was

determined that dark I-V characteristics can typically be interpreted in

terms of two current mechanisms acting in parallel,

I J =J + J2
Each of the current components can be expressed as

J = Joexp(CV)

J 0 J00exp(-O/kT)

3 Values for C and 0 allow one to identify the nature of the current loss

mechanism. Values for C and 0 for important current loss mechanisms are:

Emitter and Base Recombination:

C = 1/nkT n = 1.0

0 - Ego, where Eg - Ego - aT

m Ego . 1.52 eV for GaAs

Depletion Layer Recombination:
C = 1/nkT n - 1.0 to 2.0

m - 0.5 E to Eg
g g9I



Multiple Step Tunneling:

3 C = B = Constant Independent of Temperature

- 0 to E /2

Figures 15 and 16 show I-V data taken at various temperatures. Cell

85-50 and 87-22 were fabricated in 1985 and 1987, respectively. The

approach to analyzing these data involves fitting each set of I-V data at a
given temperature in terms of a model based on two current components acting

in parallel. The values of Jo versus Temperature are then examined to

determine the values of C and 0, and thus identify the nature of the current

3 loss mechanism.

3 Results for several cells are given in Table 7. The cells listed
illustrate the fact that our GaAs cells gradually improved throughout the

life of this program. Typically, I-V data can be fit very well with two

mechanisms, one dominant in the 0.4 to 0.8 V range, and one dominant in the

0.8 to 1.1 V range. These two voltage ranges are referred to as the low and

m high ranges. In 1985, cell I-V data were often characterized by two

multiple step tunneling mechanisms. As device performance improves, current

3 loss mechanisms will evolve from the tunneling process to depletion region

recombination, and then to emitter/base recombination (minority carrier

injection). As we progressed in developing processing techniques, and

doping concentrations, the current losses were gradually reduced, until the

high voltage mechanisms approached minority carrier injection, and the low

voltage mechanism approached depletion region recombination, as exhibited by

Cell 87-43.I
As a result of various experiments, we attribute the low voltage loss

3 mechanism in Cell 87-43 as being a result of recombination of electron-hole

pairs at the device periphery. Therefore, further increase in GaAs cell

performance can be achieved by improving the passivation of the device

edges.

I
I
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Table 7
I-V PARAMETERS FOR GaAs SOLAR CELLS

* LOW VOLTAGE RANGE HIGH VOLTAGE RANGE
CELL 2 B 0 MECH 2 N 0 MECH

(A/2m2) (N) (eV) (A/2m2) (eV)

85-50 6.5 E-8 9.9 0.1 MULT 2E-13 1.53 0.22 MULT
(3.9) STEP STEP

TUN TUN

86-9 1E-10 16 0.62 MULT 2E-17 1.08 1.3 DEPL
(2.41) STEP REGION

TUN RECOMB

87-22 2E-9 15 0.24 MULT 6E-20 1.00 1.50 EMITTER
(2.57) STEP & BASE

TUN RECOMB

87-43 9.5E-12 19.2 0.71 DEPL 3.4E-19 1.01 1.55 EMITTER
(2.0) REGION & BASE

RECOMB RECOMB

I
I
I
I
I
I
I
I
I
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4. CONCLUSIONS

This program has emphasized investigations of graded bandgap solar

cells. The key objective was to examine the potential for obtaining high

efficiencies with a graded emitter heterojunction structure (Figure 1). The

3 Al xGalxAs ternary system was selected for actual device fabrication and

characterization.

m Two types of graded structures were fabricated, a P-on-N graded emitter

heterojunction with the base region having a bandgap on the order of 2.0 eV,

and a N-on-P graded emitter heterojunction with the base region being GaAs.

The emitter of the P-on-N structure was composed of seven regions, each

having a constant bandgap. This device structure is relatively

straightforward to analyze. Interpretation of photoresponse data leads to

m the conclusion that the minority carrier diffusion length was zero for

AlxGax As regions with x > .25. This result clearly established that the

quality of AlGaAs films for x = .25 had to be improved before an efficient

graded cell could be fabricated.

3 The graded N-on-P structures were fabricated along with AlGaAs

homojunctions in order to verify that an enhanced photoresponse could be

m obtained with a graded structure. Indeed a significant enhancement was

observed. The efficiency of the N-on-P structure was reduced because of

3 difficulty in contacting N-type material. Further work would be needed in

order to improve the performance of this type of device.

m A significant effort was devoted to development of GaAs heteroface

solar cells. The primary reason for this effort was to develop processing

3 procedures that were also pertinent to fabricating graded structures. This

effort resulted in the fabrication of GaAs cells that exhibited AMI

3 efficiencies of 21.5%. This result was confirmed by the Solar Energy

Research Institute. At the time of the achievement, the result represented

3 one of the best results in the world.

I
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Appendix A

CONTRIBUTORS TO THE PROGRAMI
Dr. Larry C. Olsen - Principal Investigator. Professor of Materials Science

and Engineering.

D Or. F.W. Addis - Research Scientist. Key person in device fabrication

and solar cell characterization.I
Glen Dunham - Research Engineer. Contributed to device fabrication

and cell measurements.

Dan Huber - Graduate Student in Materials Science and Engineering.

Dave Daling - Graduate Student in Materials Science and Engineering.

Eric Eichelberger - Graduate Student in Materials Science and Engineering.
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Appendix BI
STUDENT DEGREES AND THESESI

Eric E. Eichelberger M.S. Materials Science and Engineering, 1985.

Thesis Title: "Investigation of Solar Cells Based on MOCVD

Multilayer A1GaAs Structures"

Daniel A. Huber M.S. Materials Science and Engineerirg, 1987.

Thesis Title: "Graded Bandgap Aluminum Gallium Arsenide Solar

Cells." Now working on Ph.D. thesis.
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Appendix C

PUBLICATIONS

"Electro-Optical Characterization of GaAs Solar Cells," presented at 8th

Space Photovoltaic Research and Technology Conference, NASA Lewis, October

7-9, 1985 (proceedings to be published)

"Electro-Optical Characterization of GaAs Solar Cells," Proceedings 19th

IEEE Photovoltaic Specialists Conference, page 238, (1987).I
"Investigation of High Efficiency GaAs Solar Cells," Presented at the Space

Photovoltaic Research and Technology Meeting at NASA Lewis Research Center,

Cleveland, Ohio, April 19-21, 1988.

SIn Preparation

3 "Effect of 'Dead Layer' on GaAs Solar Cell Photoresponse"

m "Current Loss Mechanisms in High Efficiency GaAs Solar Cells"
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